ABSTRACT The piezoelectric generator with magnetic has been researched in many different fields. The magnetic is used as power assisting device which can promoted the performance of the piezoelectric generator. This paper presents a novel method that using the small magnetic force to adjust the electromechanical conversion efficiency of piezoelectric circular diaphragm when the hyperbaric air acts on it. The small magnetic force induced pre-stress acted on the center of the piezoelectric circular diaphragm can adjust the surface charge distribution by changing the displacement of the diaphragm. The theoretical analysis and simulated research show that the repulsive force increases the output power, while the attractive force decreases the output power. The experiment results show that the maximum output voltage and peak power across the 0.6 M resistors are 72.8 V and 2.02 mW, respectively. The maximum peak power of the generator is promoted 13.5%, while the magnetic induced pre-stress is only about 0.6% of the hyperbaric air load. Therefore, the magnetic induced pre-stressing technique is an effective method to improve the efficiency and generated power in this type of piezoelectric generator.
I. INTRODUCTION
Over the past decade, the harvesting of ambient environment for low-power electricity generation has been heavily researched [1] - [3] . The ultimate goal of energy harvesting research is to enable self-powered wireless electronic components [4] - [6] . This would enable the elimination of battery replacement and disposal, thus lowering maintenance costs for on-board devices [7] , [8] . The benefits from such a technology development would be used in various engineering systems. Hyperbaric air is a special environment and much more researchers have investigated on the methods and experiments in depth [9] - [13] . In the previous work, the hyperbaric air energy harvesting has been researched, which indicated the relationship between the output voltage and the gas parameters [14] . Then, the vortex-induced energy harvester has been manufactured to improve the output power [15] . A piezoelectric circular diaphragm is mainly used for harvesting hyperbaric air energy. When the displacement is applied to a piezoelectric circular diaphragm, an inflexion circle divides the diaphragm's upper surface into two parts. The inner part is expanded and negative charge is generated, while the outer part is compressed and positive charge is generated. The two kinds of charge will synchronously occur on the same surface and counteract each other and the electromechanical conversion efficiency will be reduced. To solve the problem smart structures are needed.
Magnetic field is a nonlinear and untouchable field around our daily life. Inducing magnetic force to improve the performance of piezoelectric energy harvester has been previously researched in several studies for different applications [16] - [19] . Challa et al. [20] achieved bidirectional tuning of the resonant frequency by modifying the stiffness of harvester beam with attractive and repulsive magnetic forces. Tang and Yang [21] proposed a magnetic coupled piezoelectric energy harvester in which the magnetic interaction is introduced by a magnetic oscillator. Zhou et al. [22] altered the angular orientation of magnets placed at the center of piezoelastic beam to further enhance the bandwidth of harvester. Kuang et al. [23] designed a piezoelectric knee-joint energy harvester with frequency up-conversion through magnetic plucking. The piezoelastic beam with the magnet has a better effect. However, the piezoelastic beam cannot bear the large force which is impact by the hyperbaric air. What's more, the efficiency can hardly be improved when the piezoelectric generator is limited in degrees of freedom.
To solve the above problem, we present a method to adjust the energy transition of the clamped circular diaphragm generator by means of the non-contact magnetic force. Moreover, a theoretical model of a piezoelectric circular diaphragm generator is established to represent the influence of the magnetic induced pre-stress. The simulation results show that the output power of the proposed harvester can be changed by the magnetic induced pre-stress. A prototype of the generator is fabricated and it consists of a piezoelectric circular diaphragm and a pair of magnets which is used to produce the needed pre-stress. The test system is built and the prototype device is tested under various experimental conditions. The result shows that a small magnetic induced pre-stress can significantly increase the output voltage of the circular diaphragm generator. 
II. THEORETICAL ANALYSIS OF PRESENTED GENERATOR
A. STRUCTURE AND WORKING PRINCIPLE FIGURE 1 shows the structure of the piezoelectric circular diaphragm generator, which includes an air inlet, a chamber, a basement, a substrate layer, a PZT patch, a carbon fiber stick and a pair of cylindrical magnets. The PZT patch is stuck on the substrate layer which is glued on the basement. The pair of magnets distributed on the same axis. One magnet (M 1 ) is fixed on the center of the PZT patch by a carbon fiber stick and the other magnet (M 2 ) is placed on a support patch. The pair of magnets is used to produce the needed pre-stress, and the pre-stress can be adjusted by changing the location of the support. patch. The carbon fiber stick is glued with the PZT patch to guide the force from the magnets to the middle point of the diaphragm. The area of its end face is only about 2 % of the PZT patch, so the magnetic induced prestress is considered as a central point load. The piezoelectric circular diaphragm generator is stimulated when the closed chamber is filled with the hyperbaric air. As the pressure increases, electricity is produced through deformation of the PZT patch. Due to the pre-stress between the pair of magnets the surface charge distribution of the PZT patch is changed and the output power of the generator is adjusted. 
B. MODEL OF PIEZOELECTRIC CIRCULAR DIAPHRAGM GENERATOR
In order to investigate the relationship between performance and the magnetic induced pre-stress, the model of proposed generator is established. Two kinds of pre-stresses, repulsive force and attractive force, can be got by changing the direction of magnet. The difference of them is that the direction of repulsive force is along the z axis positive direction, while the attractive is on the contrary. FIGURE 2 illustrates the operating principle of the proposed generator when the interactive force between the two magnets is repulsive force. Each magnet can be regarded as a magnetic dipole, and the magnetic forces between the two cylindrical magnets can be expressed as [24] 
Where q 1 and q 2 are the magnitudes of magnetic poles for M 1 and M 2 , respectively; µ is the permeability and approximately equals to 1 in air; d is the distance between the M1 and M2. The magnetic induced pre-stress is P which can be adjusted by changing the location of the support patch. According to the method of displacement summation [25] , the effect for the magnetic induced pre-stress on the displacement of the whole PZT patch under hyperbaric air load can be written as [26] :
where B There exist two kind of magnetic pre-stress, repulsive force and attractive force. The direction of the repulsive force is opposite to that of the hyperbaric air load, so the repulsive force decreases the displacement of the PZT patch under hyperbaric air load. According to the equations (2) and (3), the displacement produced by the repulsive force increases when the r decreases. Therefore, the repulsive force has a heavier influence on the inner part of the PZT patch than the out part of it. The direction of attractive force is opposite to that of repulsive force, the attractive force increases the displacement of the PZT patch.
The frequency of the hyperbaric air stimulated the diaphragm is much lower compared to the fundamental mode of the diaphragm studied (the natural frequency which is measured by the Impedance Analyzer is approximately 2000 times higher than the excitation frequency used), so the system is treated as a quasi-static problem. The quasi-static electro-mechanical behavior of a clamped circular plate can be described by [27] 
The ω represents the displacement in the z-direction. ω is equal to the ω 1 when r is greater than or equal to b and less than or equal to a, and ω is equal to the ω 2 when r is greater than or equal to 0 and less than or equal to b. where c is the mechanical stiffness of the system with shortcircuited electrodes and C is the electrical capacitance of the mechanically unconstrained system. U is the applied electric voltage (which does not exist in this case), Q is the charge and F is the force acted on the plate. The electro-mechanical coupling is expressed by the coupling factor α which has the dimension N/V or As/m. When the displacement is applied to the clamped piezoelectric circular diaphragm, an inflexion circle divides the surface of the diaphragm into two parts, center part and outer part. One part outputs in positive charge (expanded regions) and the other part outputs in negative (compressed regions). The two kinds of charge will cancel out each other. The output charge which the multimeter detected equals to the absolute value of positive part and negative part of the whole piezoelectric circular diaphragm. We assume the center part generates negative charge yet the outer part generates positive charge in the same moment. According to equation (3), the charge Q can be adjusted by changing the displacement ω. In the situation that the hyperbaric air acts on the clamped piezoelectric circular diaphragm and the magnetic force between the two magnets is repulsive force, the magnetic induced pre-stress can decrease the displacement ω. What's more, it has a more heavily impact on the center part of the diaphragm than outer part, so the reduced negative charge for the center part is more than the reduced positive charge of outer part. The counteraction of the two kinds of charge is decreased by means of the magnetic induced pre-stress and the absolute value of output charge is increased. Therefore, the energy transition of the piezoelectric circular diaphragm which is limited in degrees of freedom is promoted. However, the effect of attractive force is on the contrary. It increases the displacement ω and the output power is decreased.
III. SIMULATION OF PIEZOELECTRIC CIRCULAR DIAPHRAGM GENERATOR
Finite element analysis (FEA) is conducted in COM-SOL Multiphysics with the structural mechanics module using piezoelectric devices. The objective is to study the effect of the magnetic induced pre-stress on output power. FIGURE 3(a) shows the finite element model used in the simulation.
FIGURE 3(b) shows the gridding distribution of the proposed generator used in the simulation. The structure is meshed with 22640 elements. The PZT patch, substrate layer and carbon fiber stick are meshed along the thickness. Fixed boundaries are applied on the bottom of basement in the model. The magnetic induced pre-stress (P) is instead of the interactive force between the two magnets which loads on the carbon fiber stick. The hyperbaric air is applied on the upper surface of PZT patch. The structure parameters used in the simulation are listed in table 1. The load acting on the PZT patch is symmetrically distributed about the axis perpendicular to the diaphragm through its center, and it is sufficient to consider the effect of the magnetic induced prestress in one cross section through the axis of symmetry. The effect of the magnetic induced pre-stress on displacement of the PZT patch is shown in FIGURE 4 when the pressure of hyperbaric air is defined on 0.2 MPa and the magnetic induced pre-stress is defined on 0.53 N.
The decreased displacement is defined as the displacement of diaphragm without magnetic induced pre-stress minus the displacement of diaphragm with magnetic induced pre-stress case. The effect of repulsive force is shown in FIGURE 4 (a). The decreased displacement is positive, so repulsive force decreases the displacement of the PZT patch. The effect of the attractive force is shown in FIGURE 4 (b). The decreased displacement is negative, so it increases the displacement of PZT patch. The magnetic induced pre-stress has an increasing influence, when the point of displacement closes to the center of PZT patch.
In order to determine the magnetic induced pre-stress value applied to the circular piezoelectric diaphragm, we did another simulation analysis and verified the results with experiments. FIGURE 5 (a) illustrates the relationship between the distance of magnets and the magnetic induced pre-stress. The curves of experimental measured values and simulated values are placed in FIGURE 5 (a). The pre-stress decreased to zero, when the distance of magnets increases. The experimental measured values are similar to the simulated values. The maximum magnetic induced pre-stress of experimental measured value is 0.53 N. FIGURE 5 (b) shows the relationship between the peak voltages and magnetic induced pre-stress when the pressure is defined on 0.2 MPa. There is a line in the FIGURE 5 (b) where the magnetic induced pre-stress is 0 N. This line divides the picture into left and right parts. The left part shows the effect of attractive force and the right part shows the effect of repulsive force. The repulsive force increases the output voltage of the piezoelectric circular diaphragm generator. The peak voltages gradually increase when the repulsive force increases from 0 to 1N. However, the effect of attractive force is on the contrary, it decreases the output voltage.
IV. EXPERIMENTAL SETUP
FIGURE 6 states the experimental setup used for the piezoelectric circular diaphragm generator. The test system consists of a pressure regulating valve (IR3020-04 SMC, Japan), a reversing valve (VQ7-8-FG SMC, Japan), a throttle valve (AS2052F SMC, Japan), a flow sensor (PFA751-04 SMC, Japan), a pressure sensor (PSE560-01 SMC, Japan) and the prototype. The composition of the prototype is shown in the upper right corner of the FIGURE 6. The prototype consisted of a chamber, a basement, a substrate layer, a PZT patch, a carbon fiber stick and a pair of magnets. The PZT patch material is PZT-5H. The diameter and thick of diameter of the PZT patch is 22.0 mm and 0.23mm, respectively. The substrate layer material is copper. The diameter and thick of diameter of the substrate layer is 35.0 mm and 0.13mm, respectively. The PZT patch is stuck on the substrate layer which is glued on the basement. There exist two cylindrical NdFeB (grade N42) rare-earth magnets. One magnet is fixed on the center of the PZT patch by a carbon fiber stick and the other magnet is placed on a support patch. The diameter and thick of the magnet are 15.0 mm and 3.0 mm, respectively. The diameter and thick of the carbon fiber stick are 4.0 mm and 5.0 mm, respectively. The output voltage is monitored via a four-channel spectrum analyzer (MDO4054B-3 Tektronix, USA) using a probe (TPP0500 Tektronix, USA). The magnetic force can be adjusted in the test system. Experiments are then carried out to investigate the properties of the proposed prototype under various parameters. The relationship between the flow and the peak voltage is shown in FIGURE 8 for cases of without magnetic force, repulsive force and attractive force. The conditions of these curves are tested using the excitation pressure of 0.2 MPa, a cycle time of 3 s and a magnets distance of 10 mm. The repulsive magnetic force increases the peak voltage of the generator and the attractive magnetic force decreases the peak voltage. For all cases, the peak voltage increases with increasing flow rate, for example, in the repulsive force, the peak voltage increases from 68.16 V to 72.48 V.
V. RESULTS AND DISCUSSION
The peak voltage for various distances in different type prestresses is shown in FIGURE 9 with a pressure of 0.2 MPa, a flow of 200 l/min and a cycle time of 3 s. In the repulsive force case, the peak voltage decreases as the distance between the two magnets increases, while in the attractive force case, the peak voltage increases when the distance between the two magnets increases. It shows that increasing the magnetic induced pre-stress can adjust the peak voltage. However, the pre-stress cannot be increased indefinitely due to the mechanical limitation of the generator, especially the fracture of the ceramic PZT [28] . Therefore, the minimum distance between the two magnets used in the experiment research is 10 mm.
The magnetic force is less than 0.6 N which is shown in FIGURE 5 (a). The force produced by the hyperbaric air is much higher, such as the 98 N in 0.2 MPa. The force increases by nearly 0.6 %, the peak voltage increases by about 6.5 %. A small change in the pre-stress can cause substantial deviation in the peak power. In each test, the peak voltage is measured ten times and the average voltages are plotted along with appropriate error bars. Thus, the output voltage can be adjusted within limits and the maximum output voltage can be obtained by changing the hyperbaric air and magnet parameters.
From the above studies, the peak voltage can be enlarged in the repulsive force case. Therefore, the following research will discuss the relationship of the peak voltage with the flow, pressure and cycle in the repulsive force case. magnets distance is 10 mm, the relationship between the peak voltage and air pressure is shown in the bottom right corner of FIGURE 11 for input flow rates of 100, 150 and 200 l/min. For all input flow rates, the peak voltage decreases when the pressure increases.
The relationship of peak voltage and load resistance is shown in FIGURE 11 . The conditions of these curves are obtained using the excitation cycle time of 3.0 s, a pressure of 0.2 MPa, a flow of 200 l/min and a distance between the two magnets of 10 mm. The output peak voltage against the external load resistance is measured. The peak voltage increases monotonically when load resistance increases. The maximal peak voltages across a resistance of 8 M for the three cases are 64.80 V, 69.10 V and 60.80 V, respectively. FIGURE 12 illustrates the relationship of the peak power and load resistance. The repulsive force increases the output power of the generator while the attractive force decreases the peak power. The highest peak powers for the cases of without magnetic force, with repulsive force and with attractive force are 1.78 mW, 2.02 mW and 1.59 mW, respectively. The maximum peak power density of them measured through 0. 
VI. CONCLUSION
In summary, this paper presents a method to promote the efficiency of the clamped piezoelectric circular diaphragm generator by means of a magnetic induced pre-stress. When the hyperbaric air acts on the piezoelectric circular diaphragm, the magnetic induced pre-stress can adjust the surface charge distribution by changing the displacement of the diaphragm. The repulsive force increases the output power of the generator, while the attractive force decreases the output power. It is verified by theoretical analysis and finite-element simulations. A prototype of the piezoelectric generator has been fabricated and a test system is built. The output power characteristics have been researched. The maximum peak voltage and RMS voltage are 72.8 V and 20.7 V, respectively. The maximum peak power and effective power of the generator across the 0.6 M resistors are 2.02 mW and 0.6 mW, respectively. The maximum peak power of the generator is promoted 13.5 %, while the magnetic induced pre-stress is only about 0.6 % of the hyperbaric air load. The result shows that there is a significant voltage increase under hyperbaric air field when a small magnetic induced pre-stress is acted on. 
